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Abstract 
Finite element modelling (FEM) has been used to replicate the quasi-static and dynamic behaviour of a solid sports ball (of a 
single material, extracted from a commercial hockey ball), by using experimentally determined viscoelastic, hyperelastic and 
mechanical material properties and data obtained from the ball material. Material data were measured using cylinders extracted 
from the ball. Hyperelastic data were obtained in uniaxial quasi-static compression, performed at a strain rate of 2x10-5 s-1, with 
viscoelastic data obtained in uniaxial compressive stress relaxation testing (at a range of strains between 0.05-0.2, to assess 
linear/non-linear viscoelasticity). The model assumes that the material properties were isotropic and its behaviour could be 
accurately described by a hyperelastic strain energy function and a viscoelastic Prony series. The accuracy of experimental stress 
relaxation data is discussed, along with its suitability for obtaining viscoelastic properties for use in modelling the quasi-static 
and dynamic behaviour of solid sports balls. 
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1. Introduction 
The use of finite element modelling (FEM) to describe the behaviour of solid sports balls is well established, due 
to the need to understand the relationship between material properties and ball performance by both manufacturers 
and governing bodies. Manufacturers generally seek to improve the performance of their balls, for example in golf, 
by seeking to maximise hit distance or increase control. Governing bodies however, require a good understanding of 
ball behaviour in order to regulate ball performance, ensuring that the sport is competitive, safe, fair and enjoyable 
for all involved. 
Many studies have utilised FEM to account for experimental ball behaviour, but the majority use fitted material 
property input values; where the input parameters are varied until the modelled results match experimental data. 
This approach is suitable when only ball behaviour is important, such as for use when examining golf club 
performance [1], but when ball material properties need to be considered, then it is of little use. A ball modelled in 
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this way is limited to the experimental conditions against which it was verified; for example, a ball modelled for its 
coefficient of restitution (CoR) to fit certain values between impact speeds of 40 ± 60 ms-1, will not necessarily 
replicate CoR results at a speed of 5 ms-1. It has also been noted that a wide range of input parameters can generate 
the same ball response [2], therefore this method of fitting input parameters has little physical or phenomenological 
basis, and so its aSSOLFDELOLW\WRµUHDO-ZRUOG¶PDWHULDOEHKDYLRXU is limited. 
Typically, the material properties or parameters used as inputs in the FEM of solid sports balls are; density, 
3RLVVRQ¶VUDWLRHODVWLFRUK\SHUHODVWLFSDUDPHWHUVDQGYLVFRHODVWLFSDUDPHWHUV>-3]. Density is used to accurately 
PRGHO WKHHIIHFWVRI LQHUWLD VXFKDV VWUHVVZDYHVZKLFKDUHJHQHUDWHG LQG\QDPLFGHIRUPDWLRQPRGHV3RLVVRQ¶V
ratio is needed in order to determine the change in material volume with deformation, and the resultant stresses if in 
a confined state. Elastic or hyperelastic parameters determine the stress-strain response of the material, with elastic 
behaviour describing a linear relationship, and hyperelastic behaviour describing a non-linear relationship. The time-
dependence of material properties is described by viscoelastic parameters, which describe the change in stiffness 
ZLWK GHIRUPDWLRQ UDWH DQG WKH PDMRULW\ RI HQHUJ\ ORVV GXULQJ GHIRUPDWLRQ 'HQVLW\ 3RLVVRQ¶V UDWLR DQG HODVWLF
parameters (e.g. moduli) are relatively simple to determine experimentally, but there are a number of challenges 
associated with obtaining accurate experimental viscoelastic data [4]. 
Viscoelastic data can be determined in two different modes; either transient or dynamic [5]. Experiments in the 
transient mode, namely creep or stress relaxation tests, are primarily used for determining the long-term response of 
a material, as there are difficulties in obtaining the pure viscoelastic behaviour at short times. This is due to the 
effect of loading, with a finite time required to load the specimen, leading to generation of stress waves in the 
sample, typically meaning that accurate data are not obtained for periods less than ten times the loading duration; 
WKLV LVFRPPRQO\ UHIHUUHG WRDV WKH µIDFWRU-of-WHQ¶ UXOH >@7KHDGYDQWDJHRIXWLOLVLQJ WKH WUDQVLHQW ORDGLQJPRGH
however is the ability to measure viscoelastic behaviour at a large range of stress or strain levels, which, in this case, 
are representative of the strains experienced by a solid sports ball during impact. The dynamic mode encompasses a 
number of test methods concerned with the dissipation of energy during vibration, such as the use of dynamic 
mechanical analysis (DMA). This testing mode is best suited to applications where the short-term material response 
is important, as the loading phase does not affect the resultant response, but the effect of strain on viscoelastic 
response should be negligible. The disadvantage of the dynamic testing mode is that it is typically limited to 
relatively small strains of less than 0.01 [5], therefore the characterisation of viscoelastic behaviour at large strains, 
and any non-linear viscoelasticity above these strain levels, is not possible. Both testing modes are relevant to the 
viscoelastic behaviour of solid sports ball component materials, but neither gives both large strain behaviour and 
short-term response. 
2. Aims 
To utilise FEM to replicate the quasi-static and dynamic behaviour of a solid sports ball, by using experimentally 
determined viscoelastic, hyperelastic and mechanical material properties and data. 
To determine viscoelastic behaviour through stress relaxation testing, and to assess the applicability of this 
testing mode for providing pure relaxation data for use in FEM of quasi-static and dynamic solid sports ball 
behaviour. 
3. Experimental Methods 
Samples were extracted from the central core material of a single type of commercial hockey ball. The original 
ball had a layered construction consisting of a relatively thin polyurethane cover, around a layered cork-based 
material core; the central core of which was of a single cork-based material. Testing was conducted on the central 
core as a whole, and on cylindrical samples removed from the central core material; details of the samples are 
presented in Table 1. Dimensional measurements were made using digital callipers (Mitutoyo Series 500, accuracy 
± 0.02 mm. Mitutoyo (UK) Ltd., Andover, UK), whilst density was measured using a Mirage ED-120 densimeter 
(JICC Co., Ltd., Tokyo, Japan) (results were 785  0.005 kg m-3). 
Whole cores were extracted from hockey balls with the use of a hacksaw; a series of shallow cuts were made 
through the cover until LWFRXOGEHµSHHOHG¶IURPWKHUHVWRIWKHEDOODQGWKLVSURFHVVUHSHDWHGZLWKWKHDGGLWLRQDO
cork layers until the central core could be removed whole. For the cylindrical samples, these were then roughly 
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extracted from the core material with a hacksaw and then turned to their approximate dimensions on a Unimat 3 
lathe (EMCO Maier Ges.m.b.H, Hallein, Austria) before being finished with 1200 grade silicon carbide paper. 
Table 1. Sample type, dimensions and test methods. 
Sample Type Dimensions (mm)  Test Method 
J12 Core 46.2 diameter (± 0.5) Quasi-static, dynamic 
K12 Core 45.3 diameter (± 0.5) Quasi-static, dynamic 
J10B2 Cylinder 11.21x5.55 diameter (± 0.1) Stress relaxation, density 
K10B1 Cylinder 11.10x5.45 diameter (± 0.1) Quasi-static, density 
JKCL Cylinder 24.25x11.94 diameter (± 0.1) Poisson's ratio 
 
Quasi-static testing of cores and cylinders was conducted between PTFE-covered platens (to minimise friction 
and barrelling) using a Zwick Z100 universal materials testing machine (Zwick GmbH & Co. KG, Ulm, Germany), 
equipped with a 100 kN load cell. Cores were compressed to 7 mm (~15 % diameter) at deformation rates of 0.02, 
0.2 and 2 mm s-1, and then unloaded at the same rate. Cylinders were compressed to strains of 0.05, 0.10 and 0.15 at 
strain rates of 0.002, 0.02 and 0.2 s-1, and then unloaded at the same rate, and also to 0.30 strain at 2x10-5 s-1. 
Stress relaxation testing was conducted on one cylindrical sample. The sample was preloaded as detailed 
previously, and once this preload was achieved, the sample was compressed at a maximum rate up to a specific 
engineering strain, at which the strain was held constant for a period of 600 seconds, with the force and engineering 
stress being recorded at a rate of 50 Hz. After this period, the sample was unloaded at a maximum rate and left in 
position for at least 120 minutes, to allow for full viscoelastic recovery, before testing was continued. Stress 
relaxation testing was conducted at engineering strains of 0.05, 0.10, 0.15 and 0.20. The sample was loaded at a 
maximum rate, with the target crosshead speed set at 3.33 mm s-1 during the loading phase, but loading was also 
limited by a maximum crosshead acceleration of 1 mm s-2; these factors gave a strain rate during the loading phase 
of 0.38 - 0.65 s-1. 
Dynamic testing was conducted on whole cores only. Coefficient of restitution (CoR) was determined over a 
range of impact speeds between 4.85 and 7.41 ms-1. Cores was manually dropped from heights between 1.2 and 
2.8 m onto a large steel plate with the impact recorded by a high-speed camera (Phantom V7.3, Vision Research 
(UK) Ltd., Bedford, UK) operating at 1500 fps, the rebound height was determined and then used to calculate CoR. 
3RLVVRQ¶V UDWLR IRU WKH FRUH PDWHULDO ZDV PHDVXUed using a biaxial strain gauge (KFG-2-120-D1, Kyowa 
Electronic Instruments Co., Ltd., Tokyo, Japan) mounted on a large cylindrical sample. The sample was 
compressed, using the procedure detailed above, to 0.05 strain at a rate of 0.002 s-1, the ratio of lateral to axial strain 
GXULQJWKHGHIRUPDWLRQZDVWKHQXVHGWRFDOFXODWH3RLVVRQ¶VUDWLRZKLFKZDVIRXQGWREH 
Experimental stress relaxation data were fitted to a power equation (Equation 1). Experimental data obtained at 
times less than ten times tKH ORDGLQJGXUDWLRQZHUH LJQRUHGDFFRUGLQJ WKH µIDFWRU-of-WHQ¶ UXOH >@3XUH UHOD[DWLRQ
data were then determined by regression of the power equation to a time sufficiently close to zero, which could be 
approximated as the zero time point (t0). A zero time point had to be determined so that a Prony series could be 
fitted to the viscoelastic data, allowing the data to be used in finite element modelling.  
  (1) 
E(t) is modulus at time t;  and  are fitted constants. 
 
Two finite element models were written using Abaqus (Version 6.7-1, Simulia, Dassault Systèmes, Vélizy-
Villacoublay, France). The first model was constructed in order to determine the effect of changing the value of t0 
on the accuracy of modelled quasi-static data. A 3D, deformable, isotropic cylinder (consisting of 600 elements), 
representative of those used in mechanical testing (12 mm x 6 mm diameter), was modelled as being uniaxially 
compressed by rigid plates. The cylinder was loaded and unloaded at three constant strain rates (0.002, 0.02 and 
0.2 s-1), and the data used to determine maximum stress and percentage energy loss. The second model was 
constructed to determine the effect of changing the value of t0 on the accuracy of modelled dynamic data. A 3D, 
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deformable, isotropic sphere (consisting of 1320 elements) representative of the cores used in testing (45 mm 
diameter), was modelled as normally impacting a rigid plate. The sphere impacted at three velocities (4.43, 6.26 and 
7.67 ms-1), and the data used to determine rebound velocity and thus CoR. For both models all input material 
SURSHUWLHV GHQVLW\ 3RLVVRQ¶V UDWLR K\SHUHODVWLF DQG YLVFRHODVWLF SDUDPHWHUV ZHUH GHWHUPLQHG FRPSOHWHO\ IURP
experimental data, obtained as above. Hyperelastic data were determined from uniaxial compression to 0.3 strain at 
2x10-5 s-1. Experimental viscoelastic data were fitted to a power equation to determine pure relaxation behaviour, 
and then a Prony series fitted for use with Abaqus (average allowable root-mean-square error of 0.001). The value of 
t0 used to fit the Prony series was varied to determine the effect of changing the value of t0 on ball behaviour; the 
value was varied over ten decades of time, from 1 second to 1x10-9 seconds. 
4. Results and Discussion 
Results from quasi-static testing are presented in Fig. 1. The testing of the cylinder showed approximately linear 
stress-strain behaviour up to 0.3 strain, therefore the non-linearity seen in the core was mostly due to the shape 
effect of compression of a sphere; as with increasing deformation, greater contact area resulted in higher stiffness. In 
the cylinder, the modulus observed at the lowest strain rate (2.1e-5) was lower than that of the other strain rates, but 
at strain rates between 1.8e-3 and 1.8e-1 no significant change in modulus was seen.  
 
Fig. 1. Effect of deformation rate on uniaxial compression of core K12 (a), and the effect of strain rate on uniaxial compression of cylinder 
K10B1 (b).  
Core stiffness was seen to increase with increasing deformation rate, with maximum force increasing from 
approximately 1800 to 2400 N over the deformation rate tested. Considerable hysteresis was seen in deformation of 
both cylinder and core samples, though no there was no significant effect of strain or deformation rate at the rates 
tested; all values were approximately 50 %. 
Fig. 2 shows the change in modulus with relaxation time and the > 10 time linear fit to Eqn. 1 at increasing strain 
values. Modulus values with increasing strain were approximately similar, consistent with the approximately linear 
stress-strain behaviour that was observed in uniaxial compression. The relaxation rate, or decrease in stress/modulus 
with time, is also similar at all strains tested, and therefore the material can be said to be linearly viscoelastic up to 
0.20 strain. The power equation which the stress relaxation data was fitted to is shown in Equation 2, and an 
example of one of the fitted Prony series is shown in Equation 3 (t0=1e0, ginf=0.7), as the full table of values was 
too large to replicate. 
                  (2) 
 
    (3) 
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Fig. 2. Stress relaxation data, and the effect of strain (0.05-0.2) on stress relaxation. The dashed lines represent the pure relaxation behaviours, 
determined by regression according to a fitted power equation. The solid line marked tl represents the loading duration, and 10tl ten times the 
loading duration. 
 
Fig. 3. Effect of changing t0 on percentage hysteresis (a) and maximum stress (b) in a modelled cylinder. 
Maximum stress and percentage hysteresis were both seen to increase with decreasing t0, Figure 3. Modelled 
values of maximum stress are approximately within error of the experimental results. Results from experimental 
testing showed that maximum stress increased from 3 MPa to 3.5 MPa with an increase in strain rate of 0.002 to 
0.2 s-1, but the maximum stress obtained at the highest strain rate is likely to be underestimated, due to considerable 
deceleration of the crosshead as it reached the maximum displacement. Also accounting for the errors of 
experimental testing (±0.08 MPa), the larger values of t0 seem to fit the experimental data most accurately. 
Modelled values of percentage hysteresis were considerably lower than experimental results at all values of t0 and 
all strain rates. Percentage hysteresis was seen to be approximately 50 % at all strain rates experimentally, but 
modelled values were much lower, reaching only 15 % at the lowest value of t0 and the highest strain rate, a 
discrepancy that increases as t0 increases. 
 
Modelled ball CoR values at a number of impact speeds, Figure 4, were considerably higher (0.93 ± 0.98) than 
those measured experimentally (0.64 ± 0.67), consistent with the lower predicted hysteresis losses. The predicted 
CoR values also showed a much smaller variation with impact speed than measured, Figure 4 (b). Reducing the t0 
value gives a sharper decrease in relaxation modulus at short relaxation times, and also a larger overall decrease at 
long relaxation times; the effect this has on the fitted Prony series constants are, larger relaxation strength values (g-
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P) and shorter relaxation times (tG). In terms of ball dynamic behaviour, shorter relaxation times increase energy 
loss, whilst relaxation strengths have a negligible effect [1,3]. 
 
 
Fig. 4. Effect of changing t0 on modelled ball CoR at a number of impact speeds (a), and experimental dynamic results (b). 
Power curve fitting of experimentally determined stress relaxation data has been shown not to account for the 
significant energy losses observed in either quasi-static or dynamic loading. Extrapolation of stress relaxation values 
to the short times associated with sports impacts are not valid as the stress relaxation behaviour below ten times the 
loading duration does not follow the fitted power equation. This suggests that additional relaxation modes are 
present at shorter loading durations, increasing energy losses. The nature of stress relaxation testing means that pure 
relaxation data at times from zero can never be achieved as an infinite loading rate is physically impossible. For 
materials with approximately linear stiffness (as in Figure 1 (b)) superposition of results from dynamic testing (high 
strain rate, but low strain) as in dynamic mechanical thermal analysis (DMTA) or other forced vibration tests would 
allow accurate measurement and/or prediction of pure relaxation behaviour at very short relaxation times. 
5. Conclusions 
Although stress relaxation is a valid method of obtaining viscoelastic material data, its limits in determining pure 
relaxation data at short relaxation times suggest that it is unsuitable for reproducing through FEM the energy losses 
associated with the quasi-static and dynamic behaviour of solid sports balls. Obtaining viscoelastic data in the 
dynamic testing mode would most likely give more accurate viscoelastic data, provided the ball material 
demonstrates linear viscoelasticity. 
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